Abstract Sugary cassava (Manihot esculenta) represents a type of cassava that accumulates sugar in its root due to a deficiency to convert sugar into starch.
Introduction
Cassava (Manihot esculenta Crantz) represents a major genetic resource for food and industry (Nayar 2014) . Its main attractive for industry is starch, but the phenotypic plasticity of cassava starch is restricted (Ihemere et al. 2006 ) when compared to other crops. Increase in starch productivity per planted area could generate higher amounts of starch for industry and better use of areas, reducing the need for deforestation and providing higher gains for farmers. Biotechnological tools have been used to increase starch production and to modify starch quality (Raemarkers et al. 2005; Ihemere et al. 2006; Liu et al. 2011) . The modification of the nucleotidic sequence of a gene encoding for one of the enzymes involved in the conversion of cassava starch lead to an increase in the enzyme activity and higher biomass content (Ihemere et al. 2006) . Characterization of cassava germplasm has also led to the identification of a mutant with interesting starch characteristic, a free amylose type (Sanchez et al. 2009 ).
There are reasons to believe that the domestication of cassava has occurred towards the Southern border of the Amazon Basin (Olsen and Schaal 2001; Léotard et al. 2009 ). The North region of Brazil keeps a great variation of cassava landraces, especially due to the diversity of products that local farmers generate from this root.
In the Brazilian Amazon, it was identified a mutant type of cassava that accumulates sugar in its roots and a low level of starch (Carvalho et al. 2004; Souza et al. 2013a) , named sugary cassava. Possibly, it occurs due to a reduced expression of one of the enzymes involved in the conversion of sugar to starch, possibly due to a gene mutation (Carvalho et al. 2004 ). Besides, it was verified that these sugary cassavas produced differentiated starch, which can have different functions in industry (Carvalho et al. 2004 ). Thus, this natural mutant can be used to understand the route of starch conversion and how mutations act in the different expression of enzymes. The identification of different types of sugary cassava can reveal mutants with different alterations in genes of starch conversion. Starch content of sugary cassava varied from 1.27 to 4.4 % (Souza et al. 2013a) , significantly lower than 25 to 33 % starch content commonly detected for normal cassava.
Besides the use in molecular biology, efforts to use sugary cassava in traditional cassava breeding program have started in the Cerrado area in Brazil, with the aim to transfer the sugary phenotype to genotypes adapted to the region . Sugary cassava was identified in the Brazilian Amazon, more specifically in the Northeast of the State of Pará (Carvalho et al. 2004; . The State of Pará is the main producer of cassava root in Brazil and still conserves many traditional indigenous forms of use of cassava root and leaves. Samples have also been collected in the West of Pará and in the State of Amazonas, which also conserves some indigenous traditions. In the Northeast of Pará, sugary cassava is commonly used to prepare a porridge that is traditionally consumed in the local All Soul's Day. Sugary cassava roots are also used to generate syrup (Souza et al. 2013b ) and can generate an alcoholic beverage. Those traditions stimulate farmers to maintain sugary cassava in their properties. However, farmer producers of 'fariña' do not value much sugary cassava 'fariña' due to its low yield because its root accumulates much water, and moisture can reach up to 95 % (Souza et al. 2013a) .
However, cassava diversity in households in the Amazon is dynamics and ever-changing and depends on economic practices, environmental conditions and historical relationships of the regional population with cassava (Lima et al. 2012 ) and even with landraces. Because there is a risk of losing these landraces due to farmers change of interest, samples of sugary cassava were collected in the States of Pará and Amazonas and are being maintained in germplasm banks located in the two States. The accessions maintained in these germplasm banks probably represent the main source of sugary cassava in the world. However, the accessions need to be characterized in order to obtain information about the genetic variation conserved and genetic relations among them to support genetic breeding and molecular biology studies.
Some of these accessions were characterized with RAPD markers (Vieira et al. 2008 . Nevertheless, among the molecular markers, microsatellites or simple sequence repeats (SSR) present important advantages, such as high variability, multiallelism, codominance, abundance in the eukaryotic genomes, high reproducibility and amenability to automation and high throughput genotyping (Kalia et al. 2011) .
Thus, the aim of this study was to characterize accessions of sugary cassava collected in the Amazon using microsatellite molecular markers.
Materials and methods
A total of 39 accessions identified as 'sugary' cassava were used in this study (Table 1) , maintained in germplasm banks of Embrapa Eastern Amazon (Belém, Pará, Brazil) and Embrapa Western Amazon (Manaus, Amazonas, Brazil) . Since the accessions are represented by clones of each landrace, one individual per accession was used in the genetic analysis. Each accession represents a clonal landrace and the germplasm banks are maintained by vegetative propagation. The names given by local farmers were maintained for each landrace. Samples were taken in the States of Pará and Amazonas (Table 1) .
Total genomic DNA was extracted according to procedure similar to Doyle and Doyle protocol (1990) and described in Moura et al. (2013) . DNA was quantified on 1 % agarose gel using lambda phage DNA at different concentrations (50, 100 and 200 ng/ lL) as pattern. Then, DNA was diluted to 10 ng/lL.
Accessions were genotyped with 11 microsatellite loci (Table 2) : SSRY89, SSRY93 and SSRY164 developed by Mba et al. (2001) and GA5, GA12, GA21, GA126, GA131, GA134, GA136 and GA140 developed by Chavarriaga-Aguirre et al. (1998) .
The amplification reactions contained 10 ng of DNA, 100 lM of each dNTP, 0.2 lM of each primer and 1.25 U Taq polymerase (Invitrogen, São Paulo, Brazil) in 1x PCR buffer (50 mM KCl; 10 mM TrisHCl, pH 8.8, 0.1 % Triton X-100; 1.5 mM MgCl 2 ) in a total volume of 15 lL. The amplifications were conducted using a GeneAmp 9600 thermocycler (Applied Biosystems, Foster City, CA, USA) with the following program: an initial cycle of 94°C for 3 min, followed by 40 cycles of 94°C for 30 s, annealing temperature of each primer (Table 2) for 30 s and 72°C for 30 s, and 72°C for 30 min for the final extension.
PCRs were performed independently and following the genotyping. The total of 1 lL PCR volumes were mixed with 8.75 lL Hi-Di formamide (Applied Biosystems) and 0.25 lL of the marker of molecular size Liz-500 (Applied Biosystems) at 8 nM. This allowed the genotyping in the DNA sequencer ABI PRISM 3500 (Applied Biosystems). Data collection and analysis were performed using GeneMapper v.4.1 (Applied Biosystems, USA).
Before analysis of genetic diversity, the genotypes with identical multiloci profiles were identified. The probability of identity, which is the probability that two individuals sampled at random share the same genotype, was measured according to Paetkau and Strobeck (1994), based on allelic frequencies obtained for all accessions. Statistical analyzes were based only on unique genotypes. The following genetic diversity parameters were estimated: total (A) and mean (Na) number of alleles, observed (H O ) and expected (H E ) heterozygosities, number of private alleles and fixation index (F, Weir and Cockerham 1984) for each locus and for total group of sugary cassavas.
A genetic distance-based analysis was performed by calculating the shared allele frequencies among the 39 accessions and neighbor-joining method to build the dendrogram using PowerMarker 3.23 (Liu and Muse 2005) .
The assignment of genotypes to groups and relatedness among groups were assessed with Structure 2.3.3 software (Pritchard et al. 2000) . The nonadmixture model and the independent alleles model without prior population information were used. Following a burn-in period of 250,000, ten independent runs were carried out for each value of K (from 1 to 5) with 250,000 repeats. The choice of the most likely number of clusters (K) was carried out by calculating the statistics DK, which is based on the rate of change in the log probability of the data between successive K values, as described by Evanno et al. (2005) using Structure Harvester (Earl and von Holdt 2012) . Among the 10 runs per K, the one with the highest maximum likelihood was used to assign individual genotypes to clusters.
It was verified the partition of total genetic variation among and within sample areas and groups generated by Structure using analysis of molecular variance-AMOVA (Excoffier et al. 1992) . Analyses were performed on GenAlEx 6.501 (Peakall and Smouse 2012) .
Results
The eleven loci amplified 65 alleles for 39 sugary cassava accessions, with an average of 5.91 alleles per loci (Table 2 ). All loci were polymorphic, considering all accessions. There was a variation of three (RY164) Mba et al. (2001) to ten alleles (RY93) per locus. The genotyping revealed 14 of the 39 accessions with the same multiloci profile, represented in four genotypes. The probability of identity or that these genotypes were identical by chance was of 4.03 9 10 -7 . All of these putative duplicated accessions were sampled in the Northeast of Pará. Accessions with the same multiloci profile were: 'Mba. Ig. Açu BAG', 'CAS 36.12', 'CAS 36.13', 'CAS 36.16' and 'CAS 36.10'; 'Mba. Bioca', 'Mba. Paulo Ribeiro', Mba. Bom Jardim' and 'Mba. Tracuateua; 'Mba. Pirabas 3', 'Mba. Corea' and 'Mba. Pirabas 2' and 'Mba. Açaiteua' and 'Mba. Vista Alegre'. Due to oldest period of collection, accessions 'Mba. Ig. Açu BAG', 'Mba. Bioca', 'Mba. Pirabas 2' and 'Mba. Açaiteua' were kept in the germplasm bank and were used in the further analyses.
Total H E considering all accessions was 0.52 and the variation per locus was 0.802 (RY93) to 0.187 (GA134). Total H O was 0.556, with variation of 0.897 (RY93, GA5 and GA140) to 0.114 (GA134). The fixation index was 0.02, and loci RY164, GA12, GA134 and GA131 showed high levels ( Table 2) . Twenty private alleles (the ones that appear in only one genotype) were identified (Table 2) . Locus GA12 showed the highest number of private alleles (four) and genotypes 'Manicuera Naná' and 'Manicuera Macaquinha 1770' had four alleles each (Fig. 1) .
Information obtained based in different structuring analyses were discordant for some accessions, but they were complementary in the definition of a structuring pattern of sugary cassava genetic diversity. In the dendrogram generated by the neighborjoining method, the 39 accessions were distributed in two distinct groups (Fig. 2) . Group 1 joined the eight more divergent accessions from the State of Amazonas with an accession from Pará, whereas group 2 joined the remaining accessions, including the putative duplicates. In this group, it is possible to verify the smaller genetic distances among accessions from the Northeast of Pará (Fig. 2) , indicating that in this region the genetic diversity of sugary cassava is more restrict.
The analysis of principal coordinates was realized after the removal of putative duplicated accessions and the first two coordinates explained 62.57 % of total variation. In the graphical dispersion of the 29 genotypes, it was clear the separation of groups from Pará and Amazonas (Fig. 3) . Accessions 'Manicuera 62', 'Manicuera 66' and 'São Francisco BAG 3' were situated between the two major groups from Pará and Amazonas.
The number of genetic groups, K, was calculated as two by the method proposed by Evanno et al. (2005) , based on calculations generated by Structure 2.3.3. The groups (K = 2) corresponded to geographical origins of collection of sugary cassava, Pará and Amazonas, except for three accessions that were sampled in Pará ('Manicuera 62', 'Manicuera 66' and 'São Francisco BAG 3'), but were allocated in the group of genotypes from Amazonas (Fig. 4) . These same genotypes were represented as isolated spots in the graphic of principal coordinates (Fig. 3) . The results of both analyses indicate that there are two groups of sugary cassava with possible distinct origins of reduced accumulation of starch in the roots, and that deserve to be used in studies about starch conversion routes in cassava. The intermediary position of accessions collected in the West of Pará ('Manicuera 62' and 'Manicuera 66') and of a genotype collected in the Northeast of Pará ('Mba S. Francisco BAG 3') may be related to sharing alleles common to the two groups. Clustering generated by the Structure and principal coordinates are coincident with the dendrogram by the neighbor-joining method. The accession from Amazonas ('Manicuera Macaquinha 1770') which was allocated in the group of Amazonas was grouped with the accessions of the Northeast of Pará in the dendrogram (Fig. 2) .
The analysis of molecular variance was performed after the removal of putative duplicated accessions (Table 3 ). There was genetic differentiation among the two sample areas (Pará and Amazonas) which was high and significative (U ST = 0.374**). The genetic variation within sample areas accounted for the largest portion (63 %), against 37 % of the variation among areas. When considering groups generated by Structure, differentiation among groups had a higher value (U ST = 0.45**) with 55 % of genetic variation within groups and 45 % of variation among groups.
The genetic parameters estimated considering the two States of sample had similar values (Table 4) . However, for the two groups generated by Structure, differences were more evident. SSR loci were 100 % polymorphic among groups, except for group 1 generated by Structure, with polymorphism of 81.82 %. The average number of alleles per loci (Na) and average effective number of alleles per loci (Ne) showed higher values for group 2 generated by Structure, 4.82 and 3.02, respectively. Values of expected heterozygosity (H E ) were higher for the group of genotypes sampled in the State of Amazonas and for group 2 generated by Structure, as well as observed heterozygosity. H O was superior to H E in all groups, except for group composed by genotypes sampled in the State of Pará, which showed the excess of heterozygotes, confirmed by negative values of fixation index (Table 4) . A list of allele frequencies per group generated by Structure is presented in Table 5 to show differences among them.
Discussion
Cassava represents one of the most important staple crops in the world, considering starch use for industry and as a source of energy for millions of people. The search for alternatives to increase starch production in cassava can help to provide more productive genotypes, which could improve the productivity of areas. Mutant types have been widely used in genetic studies in order to understand the function and structure of important genes, and the discovery of natural mutants in nature can provide important gains for crops. Sugary cassavas are a rare type of cassava, and so far have only been described in the Amazon (Carvalho et al. 2004) .
Microsatellite markers have been widely used in studies of population genetics to characterize germplasm collections of cassava, and to identify duplicated accessions (Elias et al. 2004; Alves-Pereira et al. 2011; Siqueira et al. 2010; Ferguson et al. 2012; Costa et al. 2013 ), due to its high variability, multiallelic characteristic and codominant behavior (Kalia et al. 2011) . In this study, the eleven SSR loci used for the characterization of 39 accessions of sugary cassava have confirmed the efficiency of this marker to access genetic variation. The average number of alleles per Fig. 1 Map of the States of Amazonas and Pará in Brazil, indicating municipalities where accessions of sugary cassava (Manihot esculenta) were collected loci was 5.9, superior to the values identified for traditional landraces of sweet and bitter cassava collected from five South American sites (Elias et al. 2004) and from Atlantic Forest and Amazon (Medium Negro River Basin) in Brazil (Peroni et al. 2007 ). It was also higher than the average of 5.6 alleles per locus observed in the analysis of genetic diversity and structure of bitter cassava landraces grown in different soil types in communities of smallholder farmers along the middle Madeira River in Central Amazonia (Alves-Pereira et al. 2011).
The total H E for all accessions was below the ones obtained in other studies with accessions of cassava, including samples from the State of Amazonas (Elias et al. 2004; Peroni et al. 2007; Alves-Pereira et al. 2011 ) and other regions of Brazil (Siqueira et al. 2010; Costa et al. 2013 ). The same authors found H E inferior to H O values, as detected for the group of sugary cassavas of this study. The excess of heterozygotes in cassava landraces can be the result of monoclonal material or policlonal with a dominant genotype (Elias et al. 2001) or heterozygotic plants are more Fig. 2 Clustering analysis of 39 accessions of sugary cassava (Manihot esculenta) based on eleven microsatellite loci. The dendrogram was generated using neighbor-joining method based on the sharedalleles genetic distances commonly selected for breeding because of their higher vigor (Pujol et al. 2005) .
Accessions of sugary cassava presented a considerable level of redundancy, with many putative duplicate accessions collected in the Northeast of Pará, detected with high probabilistic support (PI = 4.03 9 10 -7 ). In a similar study with sugary cassava sampled in Pará using RAPD markers, it was identified high genetic similarity among accessions, but no pair was detected with 100 % of similarity (Vieira et al. 2008 . Accessions were sampled on rural areas, and were being kept by farmers. The high incidence of duplicates is an indicative of exchanges among farmers from different places and also an evidence that sugary cassava in the Northeast of Pará is represented by a single genotype that may have suffered some mutations all over the years. It could be expected, considering the asexual propagation of the species and high exchange of vegetative parts among farmers, as detected in communities in the Amazon (Peroni et al. 2007; Moura et al. 2013) or in other regions of natural occurrence of cassava (Dyer et al. 2011) . It has been stated that cassava populations Analysis was performed after the removal of duplicated accessions Fig. 4 Clustering of 29 genotypes of sugary cassava was done using Structure software at K = 2, determined by the Evanno's et al. method (2005) . Genotypes are represented by vertical colored lines and were analysed with 11 microsatellite loci.
Analyses was performed after the removal of duplicated accessions. Red columns correspond to group 1 and green column represents group 2. PA State of Pará, Brazil; AM State of Amazonas, Brazil are open and dynamic due to farmers exchange among neighbors at extremely high rates, which implies that a portion of cassava populations consists of non-local germplasm (Dyer et al. 2011) . The identification of duplicates on germplasm banks of asexual propagation plants seems to be common (Irish et al. 2010; Gross et al. 2012) , mainly because of the exchange of propagules among farmers as discussed above. However, as the species are asexually propagated, there may be spontaneous mutations in a single gene that generates an interesting variation and that was fixed by vegetative propagation. The duplicated accessions will be grouped in the germplasm bank of Eastern Amazon, but only after extensive agromorphological characterization it will be decided if duplicated accessions will be discarded or treated as groups.
A considerable genetic differentiation among groups was detected by AMOVA, either considering states or groups generated by Structure (Table 3) . It may be associated with the limited number of sugary cassava accessions that are managed in each sample area. Accessions from Pará are more similar among each other, and there is a smaller genetic variation within the group generated by Structure that contains these genotypes. This result is important in the use of these accessions in programs of controlled crossings and to direct future collect efforts of this genetic resource. It reinforces the idea that a single genotype of sugary cassava may have been spread by farmers along the Northeast of Pará and this genotype has been used for the production of the traditional porridge consumed in the local All Soul's Day. Further analyses may focus on the analysis of genomic regions that can investigate a common origin of this accessions. On the other hand, the group of accessions sampled in the State of Amazonas presented higher genetic variation, with higher values of H E and private alleles, indicating that future collect efforts may be concentrated in this region.
The results indicated that there is genetic variability in the accessions of sugary cassava kept in germplasm banks in the North of Brazil, which suggests that different mutations in the genes and promoters of enzymes of the route of sugar conversion into starch may occur. These accessions may be an important genetic resource to study starch conversion in cassava. The results also indicate that more collection efforts may be done in the West of Pará and in the State of Amazonas, in order to search for new sources of variation of this type of cassava.
